We report a direct one-step method to chemically graft metalloporphyrins to a visible-light-absorbing gallium phosphide semiconductor with the aim of constructing an integrated photocathode for light activating chemical transformations that include capturing, converting, and storing solar energy as fuels.
Introduction
Energy and environmental issues will likely dominate science and society for the next several decades as climate change threatens the wellbeing of the planet.
1 In this scenario, the development of advanced materials and techniques for controlling matter and energy at the nanoscale is receiving increased global attention 2 as a technological path to restoring a safe operating space for humanity.
3 Articial photosynthesis, which uses concepts inspired by its biological counterpart to produce fuels, is an attractive approach to storing solar energy.
4
To this end, the immobilization of molecules on semiconductor materials is gaining interest. 5 Although some recent progress has been made in development of such assemblies, 6 nding new and more effective ways to interface catalysts to semiconductor surfaces remains a major challenge.
7
Metalloporphyrins serve important roles in biology and as components in emerging molecular-based materials.
8 As electrocatalysts, they are capable of chemically transforming protons into hydrogen as well as converting carbon dioxide into carbon monoxide when electrochemically activated in solution or immobilized at a conductive substrate polarized at an appropriate potential. Herein, we report a one-step method to chemically gra metalloporphyrin complexes onto p-type GaP(100), a midsize optical band gap semiconductor that has shown promise in light-emitting-diode technologies and in applications for solar energy transduction as light capture and conversion components.
9 The cobalt and iron porphyrin analogs used in this report are prepared via a novel synthetic strategy to yield a macrocycle with a pendent 4-vinylphenyl surface attachment group at the b-position of the porphyrin ring structure. This modication allows use of the UV-induced immobilization chemistry of olens 10 to attach intact metalloporphyrin complexes to the semiconductor surface. While the mechanistic details of the vinyl group attachment chemistry are not settled, molecular binding appears to occur over bridging oxygen atoms on GaP surfaces.
6b,i,10a
Results and discussion
Materials preparation
Synthesis of the 4-vinylphenyl functionalized metalloporphyrins is described in detail as ESI. † Preparation of the GaP substrates for subsequent photochemical functionalization using the structurally modied porphyrins begins with buffered hydrouoric acid treatment to remove the bulk surface oxide layers. The freshly etched wafers are placed into a sealed quartz ask containing an argon-sparged solution of the appropriate porphyrin and illuminated with shortwave UV light (254 nm) for 2 h. The porphyrin-functionalized wafers are then removed from the ask, ultrasonically cleaned, and dried under nitrogen (see Experimental section for details).
Structural characterization
Grazing angle total reectance Fourier transform infrared (GATR-FTIR) spectra of unmodied GaP(100) substrates following acid treatment are characterized by signicant residual surface oxygen coverage, and static water contact angles of <10 indicate a dominant coverage by hydrophilic hydroxyl groups (Fig. S13 †) . However, GATR-FTIR absorbance spectra collected using samples following cobalt or iron porphyrin functionalization, yielding CoP-GaP or FeP-GaP (Fig. 1a) , are characterized by unique vibrational features corresponding to C]C bond ring modes of the porphyrin, appearing at 1607 cm À1 , as well as transitions that are assigned to the C b -H, C a -N, and C b -C b vibrations of the macrocycle ( Fig. S14 and S15 †). FTIR spectra of the cobalt and iron porphyrins prior to surface immobilization show similar C]C bond ring modes centered at 1607 cm À1 , but also include an additional pronounced peak centered at 1626 cm À1 associated with the vinyl C]C bond (Fig. S16 †) . The lack of this pronounced feature at 1626 cm À1 in spectra of the metalloporphyrin-modied GaP samples indicates undetectable to no vinyl functionality on the surface, consistent with the proposed mechanism of the vinyl group graing chemistry on hydroxyl and oxygen-terminated surfaces. 6b,i,10a-c Further, the Co-N and Fe-N vibrations observed on the surfaces of the CoP-GaP or FeP-GaP (1001 cm À1 and 997 cm À1 , respectively) provide compelling evidence that the porphyrin metal centers remain intact following the graing procedure ( Fig. 1b and c) . In contrast, the N-H vibration of analogous free-base porphyrins occurs at 966 cm À1 (Fig. S7, S8 , & S17 †). The similarity in positions of the nitrogen-metal vibrations observed on the metalloporphyrin-functionalized GaP surfaces with those observed in spectra of analogous non-surface-attached metalloporphyrins indicates the porphyrin metal centers maintain a similar vibrational environment following immobilization. Lastly, spectra of control samples, in which metalloporphyrins without the vinyl group functionality (CoTTP or FeTTP) are used during the photochemical graing step, show no evidence of porphyrin complexes at the GaP surface. X-ray photoelectron (XP) spectroscopy provides additional characterization and evidence of successful functionalization.
As compared to spectra obtained using unmodied GaP samples, survey XP spectra of CoP-GaP surfaces show the presence of additional N, Co, and C elements associated with attached cobalt porphyrins, and spectra of FeP-GaP surfaces show the presence of additional N, Fe, and C elements associated with attached iron porphyrins ( Fig. S20 & S22 †) . In addition, high-energy resolution Co 2p core level spectra of the CoPGaP samples show peaks centered at 780.9 eV (2p 3/2 ) and 796.7 eV (2p 1/2 ) with a 2 : 1 branching ratio (Fig. 1d) . The Co 2p 3/2 signal indicates a complex multiplet structure, consistent with the oxidation state +2 and the open-shell (d7) character of the Co ion (Fig. S21 †) . For the FeP-GaP substrates, Fe 2p core level spectra contain features characteristic of Fe III porphyrins, including peaks centered at 710.8 eV (2p 3/2 ) and 724.1 eV (2p 1/2 ) (Fig. 1e) . For both constructs, analysis of the metal 2p and nitrogen 1s spectral intensity ratios yields metal : nitrogen ratios of 1 : 4, indicating no detectable loss of metal from the attached porphyrin units following UV-induced graing.
Photoelectrochemical measurements
Illumination of CoP-GaP electrodes polarized at 0 V vs. RHE in pH neutral aqueous solutions results in hydrogen generation at an initial rate of $10 mL min À1 cm À2 ( Fig. 2a-d and Table 1 ).
This rate of hydrogen evolution exhibits less than 10% loss of activity over 4 h of photoelectrochemical (PEC) testing ( Fig. S27 †) . By contrast, the iron-based constructs show significant diminution of performance during PEC testing, including a rapid loss in current density following illumination during bulk-electrolysis measurements (Fig. 2a) . Further, the relatively stable photocurrent densities that are measured aer the drop off are similar in value to those initially achieved using unmodied GaP electrodes polarized at the same potential (0 V vs. RHE). Thus, there is a nearly complete loss of the photocurrent gains afforded by FeP functionalization. Although iron porphyrins are notorious for their relative instability, including a propensity to form m-oxo dimers and undergo auto-reduction reactions, 8q,11 a detailed analysis of the photocurrent degradation pathways regarding the FeP-GaP constructs is currently unavailable. These results do, however, illustrate the synthetic versatility of the porphyrin architecture, including selection of the catalytic metal site for controlling activity, and presence of ligand auxiliaries for tailoring their molecular structure as well as associated electronic properties.
During PEC testing, the formation of gas bubbles at the surface of the porphyrin-modied electrode are transiently observed in linear sweep voltammetry experiments, when the electrodes are polarized at potentials generating cathodic currents, and continuously observed during bulk photoelectrolysis experiments (Fig. 2c) . Gas chromatography analysis of the photoproducts conrms the production of hydrogen with near-unity faradaic efficiency (measured at $97% following 30 min of illumination) when using CoP-GaP working electrodes (Fig. 2d) . These results conrm that no measurable hydrogen is present prior to illumination of the electrode surface (Fig. S24 †) and the rate of hydrogen production is directly correlated with the current produced by the cell during illumination. Measurements performed using FeP-GaP working electrodes polarized at 0 V vs. RHE also conrm the photoproduction of hydrogen. However, the faradaic efficiency is $45% following 6 min of illumination.
To facilitate comparisons with data obtained using the metalloporphyrin-modied GaP constructs in aqueous conditions, cyclic voltammograms of CoTTP and FeTTP recorded in organic solvents with a supporting electrolyte (0.1 M tetrabutylammonium hexauorophosphate in butyronitrile) are included in this report (Fig. 2e) . Under these conditions, the difference in potential between the midpoints of the Co (Table S1 †) . For the metalloporphyrin-modied GaP surfaces, a difference in potential to access the catalytically active cobalt or iron redox state in aqueous conditions may contribute to the 120 mV offset required to achieve a À1 mA cm À2 current density using the CoP-GaP versus FeP-GaP photocathodes (Table 1) . However, other factors, including differences in hydricity of the metal centers 12 and possible changes in electronic structure of the underlying semiconductors upon functionalization 13 may Fig. 2 Three-electrode electrochemical data collected using unmodified GaP(100) (black), CoP-GaP (green), or FeP-GaP (dark red) working electrodes in phosphate buffer (pH 7) including (a) chronoamperograms using working electrodes polarized at a constant potential of 0 V vs. RHE and under 1-sun illumination (100 mW cm
À2
), (b) linear sweep voltammograms recorded in the dark (dashed) or under 1-sun illumination (solid), (c) an image of a CoP-GaP photocathode under photoelectrochemical testing, and (d) gas chromatograms obtained using samples of headspace gas collected from sealed photoelectrochemical cells containing working electrodes polarized at a constant potential of 0 V vs. RHE and under 1-sun illumination. The amount of hydrogen produced in these experiments corresponds to a faradaic efficiency (FE) of 97% following 30 min of illumination using CoP-GaP and 45% following 6 min of illumination using FeP-GaP. (e) Cyclic voltammetry data recorded using butyronitrile solutions of model cobalt (green) or iron (dark red) porphyrin compounds are included for comparison. contribute to this divergence. Nonetheless, the saturating current densities, measured at 0 V vs. RHE using CoP-GaP working electrodes, do increase approximately linearly with illumination intensity (Fig. 3) , indicating that photocarrier transport to the interface in part limits the performance and that improvement in the spectral coverage and photophysical properties of the underpinning semiconductor could yield additional efficiency gains. A comparison of the photon ux striking the CoP-GaP surface at simulated 1-sun intensity (Fig. 3 & S29 †) with the electron ux measured during PEC testing allows an analysis of external quantum efficiency (EQE). Considering only photons in the GaP actinic range (Fig. S11 & S12 †) , i.e. those with energies higher than the 2.26 eV GaP band gap, the EQE ¼ 19% for CoPGaP electrodes polarized at 0 V vs. RHE. A similar analysis of the optical to chemical power conversion efficiency (h) 14a is achieved by comparing the spectral irradiance at this wavelength range with the output chemical power represented by the rate of hydrogen production. Using the enthalpy of H 2 combustion (286 kJ mol À1 ) or change in Gibb's free energy (237 kJ mol À1 ), h ¼ 11% or 9%, respectively. We emphasize that these measurements are performed using a three-electrode cong-uration 14b and thus represent energetics and efficiencies associated with a photocathode component, not a device.
Total cobalt loadings on the CoP-GaP surface were obtained using inductively coupled plasma mass spectroscopy (ICP-MS) (see Experimental section for details), yielding a cobalt porphyrin surface concentration of 0.59 AE 0.03 nmol cm À2 . The loadings obtained from this analysis combined with the current densities measured in polarization experiments using CoP-GaP working electrodes yield information on the activity of the electrodes per number of porphyrins assembled on the surface and thus an estimate of the immobilized porphyrin turnover frequency (TOF). Using only the increase in current density obtained for a GaP electrode polarized at 0 V vs. RHE following cobalt porphyrin surface functionalization, this equates to a TOF $3.9 H 2 molecules site À1 s À1 , representing the highest reported to date for a molecular-catalyst-modied semiconductor photoelectrode operating at the H + /H 2 equilibrium potential under 1-sun illumination. In future work, implementation of porphyrins with improved catalytic features and the development of synthetic methodologies to achieve higher porphyrin surface loading as well as improved interfacial dynamics may lead to further performance gains.
Conclusions
We describe a one-step method to chemically gra metalloporphyrin catalysts onto p-type gallium phosphide (100). The porphyrin complexes are structurally modied with a 4-vinylphenyl group essential to successful semiconductor attachment using the UV-induced graing method. Structural analysis of the constructs using surface-sensitive characterization techniques, including XP and GATR-FTIR spectroscopy, provides evidence of successful graing. The resulting hybrid material can be used as a photocathode for driving the hydrogen evolution half-reaction and shows signicantly improved photoelectrochemical performance over unmodied electrodes. When using GaP(100) with identical doping conditions (i.e. cut from the same ingot), the PEC results using CoP-GaP show an enhanced rate and stability of photoinduced hydrogen production over the analogous FeP-GaP assemblies as well as those previously reported 6j using cobaloxime-polymer-modied GaP electrodes prepared using a two-step attachment chemistry (Fig. S28 †) 
Experimental

Materials and synthesis
All compounds were synthesized from commercially available starting materials (see ESI, † Molecular synthesis and characterization). All reagents were purchased from Aldrich. Solvents were obtained from Aldrich or Mallinckrodt. Dichloromethane, hexanes, toluene and p-tolyl aldehyde were freshly distilled before use. Milli-Q water (18.2 MU cm) was used to prepare all aqueous solutions. Single crystalline p-type gallium phosphide wafers were purchased from University Wafers. The material is single side polished to an epi-ready nish. The p-type Zn-doped GaP(100) wafers have a resistivity of 0.2 U cm, a mobility of 66 cm 2 V À1 s À1 , and a carrier concentration of 4.7 Â 10 17 cm À3 , with an etch pit density of less than 8 Â 10 4 cm À2 .
Wafer cleaning procedure
Diced semiconductor samples were degreased by wiping the surface with an acetone soaked cotton swab and ultrasonically cleaning in acetone and isopropanol for 5 min each, followed by drying under nitrogen. Samples were then exposed to an airgenerated oxygen plasma (Harrick Plasma, U.S.) at 30 W for Fig. 3 Photocurrent density recorded at increasing illumination intensity using a CoP-GaP working electrode polarized at 0 V vs. RHE.
2 min. Surface oxide layers were then removed by immersion of the plasma-treated samples in buffered hydrouoric acid (6 : 1 HF/NH 4 F in H 2 O) for 5 min, followed by rinsing with Milli-Q water.
Wafer functionalization
Freshly etched wafers were put into an argon-sparged solution of the appropriate porphyrin (1 mM) in toluene and exposed to 254 nm UV light for 2 h. Aer thoroughly rinsing with toluene the wafers were dried under nitrogen and stored under vacuum.
Electrode fabrication
GaP working electrodes were fabricated by applying an indiumgallium eutectic (Aldrich) to the backside of a wafer, then xing a copper wire to the back of the wafer using a conductive silver epoxy (Circuit Works). The copper wire was passed through a glass tube, and the wafer was insulated and attached to the glass tube with Loctite 615 Hysol Epoxi-patch adhesive. The epoxy was allowed to fully cure before testing the electrodes.
Instrument descriptions and experimental details
UV-Vis. Ultraviolet-visible (UV-Vis) optical spectra were recorded on a Shimadzu SolidSpec-3700 spectrometer with a D 2 (deuterium) lamp for the ultraviolet range and a WI (halogen) lamp for the visible and near-infrared. Transmission and reectance measurements were performed with an integrating sphere.
Mass spectra. Mass spectra of all compounds were obtained with Voyager DE STR matrix-assisted laser desorption/ionization time-of-ight spectrometer (MALDI-TOF) mass spectrometer in positive ion mode employing a trans,trans-1,4-diphenyl-1,3-butadiene matrix (unless otherwise noted). The reported mass is for the most abundant isotopic ratio observed (obsd.). To facilitate comparison, calculated values of the anticipated most abundant isotopic ratio (calc.) are listed before the experimental result.
NMR. Nuclear magnetic resonance (NMR) spectra were recorded on a Varian NMR spectrometer operating at 400 MHz. Unless otherwise stated, all spectra were collected at room temperature.
FTIR. Grazing angle attenuated total reection Fourier transform infrared spectroscopy (GATR-FTIR) was performed using a VariGATR accessory (Harrick Scientic) with a Ge crystal plate installed in a Bruker Vertex 70. A minimum of 4 individual wafers were tested for each sample. Samples were pressed against the Ge crystal to ensure effective optical coupling. Spectra were collected under a dry nitrogen purge with a 4 cm À1 resolution, GloBar MIR source, a broadband KBr beamsplitter, and a liquid nitrogen cooled MCT detector. Background measurements were obtained from the bare Ge crystal and the data were processed using OPUS soware. Spectra from model compounds in pressed KBr pellets were acquired with the same settings but using transmission mode. GATR measurements were baseline corrected for rubberband scattering.
XPS. X-ray photoelectron spectroscopy (XPS) was performed using a monochromatized Al Ka source (hn ¼ 1486.6 eV), operated at 63 W, on a Kratos system at a takeoff angle of 0 relative to the surface normal and a pass energy for narrow scan spectra of 20 eV at an instrument resolution of approximately 700 meV. Survey spectra (40 scans) were collected with a pass energy of 150 eV. A minimum of 2 wafers were analyzed for each sample. Spectral tting was performed using Casa XPS analysis soware and all spectra were calibrated by adjusting C 1s core level position to 284.8 eV. Curves were t with quasiVoigt lines following Shirley background subtraction. Electrochemistry. Cyclic voltammetry was performed with a Biologic potentiostat using a glassy carbon (3 mm diameter) disk, a platinum counter electrode, and a silver wire pseudoreference electrode in a conventional three-electrode cell at a scan rate of 250 mV s À1 . Anhydrous dimethylformamide or butyronitrile (Aldrich) was used as the solvent for electrochemical measurements. The supporting electrolyte was 0.1 M tetrabutylammonium hexauorophosphate. The solution was sparged with argon. The working electrode was cleaned between experiments by polishing with alumina (50 nm diameter) slurry, followed by solvent rinses. Photoelectrochemistry. Photoelectrochemical (PEC) testing was performed using 100 mW cm À2 illumination from a 100 W Oriel Solar Simulator equipped with an AM 1.5 lter. Linear sweep voltammetry and three-electrode electrolysis (chronoamperometry) were performed with a Biologic potentiostat using a platinum coil counter electrode, a Ag/AgCl, NaCl (3 M) reference electrode (0.21 V vs. NHE), and GaP working electrodes (including GaP following buffered HF treatment, cobalt porphyrinmodied GaP, and iron porphyrin-modied GaP) in a modied cell containing a quartz window. A minimum of 4 individual wafers were tested for each sample. The supporting electrolyte was 0.1 M phosphate buffer (pH 7). Linear sweep voltammograms were recorded at sweep rates of 100 mV s À1 under a continuous ow of 5% hydrogen in nitrogen. Open-circuit photovoltages were determined by the zero current value in the linear sweep voltammograms. Chronoamperometry was performed with the working electrode polarized at 0 V vs. RHE, where E vs. RHE ¼ E vs. NHE + 0.05916 V Â pH ¼ E vs. Ag/AgCl + 0.05916 V Â pH + 0.21 V. GC. Gas analysis was performed via gas chromatography (GC) using an Agilent 490 Micro GC equipped with a 5Å MolSieve column at a temperature of 80 C and argon as the carrier gas. Gas samples were syringe injected using 5 mL aliquots of headspace gas collected with a gas-tight Hamilton syringe from a sealed PEC cell both prior to and following 30 min of threeelectrode photoelectrolysis using a cobalt porphyrin-modied working electrode polarized at 0 V vs. RHE or following 6 min of three-electrode photoelectrolysis using a iron porphyrin-modied working electrode polarized at 0 V vs. RHE. Prior to the experiment the cell was purged for 30 min with argon before sealing. The retention time of hydrogen was conrmed using a known source of hydrogen obtained from a standard lecture bottle containing a hydrogen and argon mixture. In Fig. 2d , the relative signal intensity is based on the ratio of total hydrogen molecules produced to half the number of net electrons passed from the counter to the working electrode. Thus, the signal areas are representative of the relative faradaic efficiencies for hydrogen production.
ICP-MS. Inductively coupled plasma mass spectroscopy (ICP-MS) was performed on a Thermo-Finnigan Neptune ICP-MS. The samples were run in kinetic-energy discrimination (KED) mode. The ICP-MS samples were prepared by immersing a CoPGaP wafer into 1000 mL of concentrated Omni trace H 2 SO 4 solution and heating the solution at 60 C for 20 min, followed by sonicating the solution for 1 h. The solution was then diluted to 0.5 M H 2 SO 4 by taking 108 mL of the 1000 mL solution and diluting to 4000 mL. Three different wafers of CoP-GaP were analyzed. Unfunctionalized GaP substrates were analyzed as controls. The trace amounts of cobalt in these controls were averaged and subtracted from the CoP-GaP cobalt concentrations.
